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Abstract
A nickel diphosphate with mixed cations, Na(NH4)[Ni3(P2O7)2(H2O)2] with a layered structure has been synthesized under hydrothe
conditions for the first time and characterized by single crystal X-ray diffraction, IR spectroscope and magnetization measurements
structure consists ofcis- and trans-edge sharing NiO6 octahedral chains linked via P2O7 units to [Ni3P4O16]
2− layers. The ammonium
and sodium cations are alternately located in the interlayer spaces. Themixed cations play an important role in the structural formation
this layered compound, leading to a new layer-stacking variant. The magnetic susceptibility obeys a Curie–Weiss law withµeff of 3.32µB,
showing the Ni2+ character and weak antiferromagnetic interactions.
 2004 Elsevier SAS. All rights reserved.





















Layered metal phosphates have been extensively stu
during the past decades for their notable magnetism,
exchange ability, interlayer ionic mobility and intercalati
[1–3]. For example, intercalation studies showed that
insertion of Cu2+ in the layered phosphate, HNiPO4·H2O,
produced interesting changes on the magnetic behavio
the matrix phases, an aspect which could be impor
for applications of the materials[4]. In this context, it is
desirable to synthesize more materials with layered st
tures. Considerable efforts, especially hydrothermal te
niques (T < 700 K, erogenous pressure) have yielde
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variety of two-dimensional metal phosphates and the m
als include gallium, indium, titanium, iron, tin, vanadium
cobalt, nickel, zinc[5–19]. In these systems, only thre
Ni-compounds, namely NH4NiPO4·H2O, PbNi3(P2O7)2,
Na(H3O)2Ni4(OH)4(HPO4)3(H2PO4) are reported in the lit
erature[20–22].
The cations have an important role in the structural
mation of phosphate and related materials. For exam
different structural types of indium borophosphates
be obtained by introducing various cations[23–26]. More
attention, therefore, is focused on the mixed cation c
pounds since they offer more varieties of size, shape
electrovalence. To date, mixed cation compounds are stil
rare. Here we report the hydrothermal synthesis, st
tural and magnetic characterization of a new mixed ca
nickel diphosphate with a layered structure, Na(NH4)[Ni3-
(P2O7)2(H2O)2], 1.






























































2.1. Synthesis and characterization
Initially, the title compound was synthesized in an
tempt to make imidazole-templated transition metal bo
phosphates. In a typical synthesis, thus, NiCl2·6H2O (2.38 g),
Na2B4O7·10H2O (3.81 g), imidazole (2.04 g) and deioniz
water (15 mL) were mixed in the molar ratio 1:1:3:667. A
amount of 5 mL of H3PO4 (85 wt%) was gradually adde
to adjust the pH at 1.0. The solution was then transfe
to a Teflon-lined stainless steel autoclave and was heat
523 K for 3 days under autogenetic pressure. The prod
were not a pure phase. Besides some dark viscous im
rity, which should be the carbon residue resulting from
decomposition of organic molecules at high temperat
there exist two types of crystals: light green transpa
hexagonal bipyramidal crystals and yellow plate-like cr
tals. The reaction products were separated by vacuum fi
tion, washed thoroughly with deionized water and etha
to get rid of impurities, and finally dried in air. The tw
types of crystals were then separated by hand. All peak
of the X-ray diffraction pattern for the bipyramidal crysta
are consistent with those of a known nickel borophosph
Na(H2O)2[NiBP2O8]·H2O [27], while the pattern of the
plate-like crystals indicates that it is a new material. S
sequently, we obtain the pure phase of1 successfully by
using the NaCl (0.58 g) and NH4 2PO4 (1.15 g) instead o
Na2B4O7·10H2O and imidazole at 447 K for 5 days, but a
other conditions are kept constant. The yield is 75% ba
on NiCl·6H2O.
The obtained crystals were initially examined by po
der X-ray diffraction, using a Rigaku D/max 2550V diffra
tometer with Cu-Kα radiation, to establish phase identi
The patterns were entirely consistent with those calcul
from the structure determined by single crystal X-ray d
fraction. Scanning electron microscopy (SEM) and ene
dispersive spectroscopy (EDS) were done on an EPM
8705QH2 electron microscope equipped with a LINKS ISI
EDS analysis gives a Ni/P ratio of 2.92:4 (calcd. 3:4). N
P and Na contents were analyzed using ICP-AES (Va
Vista, radial observation), while a hot extraction method w
applied for nitrogen (Leco CHNS-932), (obs.(esd)/calc
mass (%): Ni, 29.21/29.30; P, 20.47/20.63; Na, 3.78/3
N, 2.87/2.99. The results are in agreement with the form
of 1 found from the single crystal analysis.
An infrared spectrum was collected on a Digilab-FTS
80 spectrophotometer using KBr pellets of the samples.
IR spectrum showed features consistent with the pres
of –OH and NH4+ groups in1. Thus, a broad band ob
served at 3425 and 1641 cm−1 corresponds to the stretc
ing and bending vibrations of O–H. The peaks at 3233
1451 cm−1 were attributed to the stretching and bend
vibrations of the N–H groups. Peaks observed in the
gion 1128–943 cm−1 are associated with terminal stretchi
modes of the P2O7 unit. Thermogravimetric analyses andt
-
Table 1












Dx (g cm−3) 3.049
µ (mm−1) 4.891
F(000) 1192
θ range (deg) 2.79–27.12





R1, wR2 (all data) 0.0305, 0.0614
Largest diff. peak and hole (e Å−3) 0.552,−0.462
a R1 = S||Fo| − |Fc||/
∑ |Fo|.
b wR2 = {
∑[w(F2o −F2c )2]/
∑[w(F2o )2]}1/2, wherew = 1/[σ2(F2o )+
(0.0302P )2 + 5.74P ] with P = (F2o + F2c )/3.
differential scanning calorimetry (TGA and DSC) were p
formed using a STA-409PC/4/H LUXX DSC-TGA instru
ment at a heating rate of 10 K min−1 in a flow of nitrogen
atmosphere from room temperature to 1273 K and show
near featureless total weight loss of 9.1% occurring over
very broad range 543–833 K, corresponding to the rem
of ammonia and water molecules in the structure.
2.2. Determination of crystal structure
Crystals from the title compound were selected un
a polarizing microscope, glued to a thin glass fiber w
cyanoacrylate (superglue) adhesive. A suitable one of t
was chosen (0.50× 0.20× 0.05 mm3) and data sets wer
collected on a Nonius Kappa CCD diffractometer (Mo-Kα
radiation,λ = 0.71073 Å). The data were corrected for a
sorption using the SADABS program[28]. The structures
were solved by direct methods and refined against|F 2| with
the aid of the SHELXTL-PLUS package[29]. All hydro-
gen positions were located from the Fourier map but w
refined as riding in the final refinement. Additional info
mation about the data collection and structure refineme
presented inTable 1while atomic coordinates and displac
ment parameters, selected distances and angles are lis
Tables 2 and 3, respectively.
3. Results and discussion
3.1. Description of the structure
The structure consists of [Ni3P4O16]2− layers with am-
monium and sodium cations occupying the interlayer spaces,










































Atomic coordinates (×104) and equivalent isotropic displacement param
ters (Å
2 × 103) for Na(NH4)[Ni3(P2O7)2(H2O)2]
Atom X Y Z Ueqa
Ni(1) 3151(1) 1116(1) 5675(1) 10(1
Ni(2) 2500 −2500 5000 10(1)
P(1) 1008(1) −3152(1) 5868(1) 10(1)
P(2) 1995(1) −479(1) 7422(1) 9(1)
Na(1) 5000 −387(2) 7500 18(1)
O(1) 3858(2) 2417(3) 4825(3) 17(1
O(2) 3171(1) −3798(2) 7033(2) 12(1)
O(3) 2451(1) −447(2) 6321(2) 10(1)
O(4) 1198(1) −1218(2) 6392(2) 11(1)
O(5) 3992(1) 910(3) 7693(2) 14(1
O(6) 255(1) −3038(3) 4682(2) 16(1)
O(7) 3394(1) −1241(2) 4792(2) 12(1)
O(8) 2300(1) 1732(3) 3721(2) 11(1
N(1) 0 −279(7) 2500 48(2)
H(1) 3671(1) 2731(1) 3901(1) 50
H(2) 4281(1) 2171(1) 4891(1) 50
H(3) 361(1) 401(1) 2751(1) 50
H(4) −41(1) −1081(1) 1631(1) 50
a Ueq is defined as one-third of the trace of the orthogonalizedUij tensor.
as shown inFig. 1. The asymmetric unit contains two cry
tallographically distinct nickel atoms and two independ
phosphorus atoms. Both nickel atoms are coordinated b
oxygen neighbors (Ni–O= 2.026(5)–2.151(5) Å), so tha
slightly distorted octahedra are formed. Two phosphor
atoms are tetrahedrally coordinated linked through O(4
form a P2O7 group. The pyrophosphate group acts a
bidentate ligand to Ni(1), thus producing a fairly bent P2O7
group ( P(1)–O(4)–P(2)= 126.64(12)◦) and resulting in the
distortion of PO4 tetrahedra (P–O= 1.621(3)–1.498(7) Å)
There also exist three 3-coordinated oxygen atoms (O
O(7), O(8)) (seeFig. 2), linking nickel and phosphorou
atoms to three-membered rings (Ni2PO3 or NiP2O7).
The structure of [Ni3P4O16]2− layers are constructe
from edge-sharing NiO6 octahedral chains and pyropho
phate groups. The Ni(2)O6 octahedra sharetrans-edges with
two Ni(1)O6 octahedra, while the Ni(1)O6 octahedra shar
cis- andtrans-edge with neighboring Ni(1)O6 and Ni(2)O6
octahedra forming an one-dimensional “zigzag” chain al
theb axis (Fig. 3a). The P2O7 units act as bidentate ligand
bonding with Ni(1) and N(2) via O(5), O(8), O(2) and Ni(
of the neighboring chain via O(3), O(7), respectively, to
infinite layer, as shown inFig. 3b. The remaining oxygen
O(6) of the P2O7 group is coordinated solely to P(1) an
points into the interlayer space. The interspaces of the la
ers are separated by P2O7 groups into alternative large an
small semi-enclosed spaces, where ammonium and sodiu
cations are located, respectively (seeFig. 1).
Similar two-dimensional topological structure can be a
found in the previously reported diphosphates PbNi3(P2O7)2
[22], K3Co3(P2O7)·H2O [30] and (NH4)2[Mn3(P2O7)2(H2-
O)2] [31]. Compared to these layered cobalt and m
ganese diphosphates, thetitle compound reported her
is different in several aspects. The crucial distinguish-Table 3
Selected bond distances (Å) and angles (deg) for Na(NH4)[Ni3(P2O7)2-
(H2O)2]
Ni(1)–O(5) 2.027(2) P(1)–O(7)b 1.522(2)
Ni(1)–O(1) 2.035(2) P(1)–O(4) 1.620(2)
Ni(1)–O(3) 2.040(2) P(2)–O(2)d 1.498(2)
Ni(1)–O(8) 2.052(2) P(2)–O(8)e 1.516(2)
Ni(1)–O(8)a 2.069(2) P(2)–O(3) 1.517(2)
Ni(1)–O(7) 2.151(2) P(2)–O(4) 1.620(2)
Ni(2)–O(7) 2.032(2) Na(1)–O(5) 2.231(2)
Ni(2)–O(7)b 2.032(2) Na(1)–O(5)f 2.231(2)
Ni(2)–O(3)b 2.051(2) Na(1)–O(6)b 2.271(2)
Ni(2)–O(3) 2.051(2) Na(1)–O(6)g 2.271(2)
Ni(2)–O(2)b 2.153(2) O(1)–H(1) 0.84(5)
Ni(2)–O(2) 2.153(2) O(1)–H(2) 0.81(5)
P(1)–O(6) 1.498(2) N(1)–H(3) 0.85(4)
P(1)–O(5)c 1.509(2) N(1)–H(4) 1.01(4)
O(5)–Ni(1)–O(1) 87.76(10) O(3)–Ni(2)–O(2) 88.12(9)
O(5)–Ni(1)–O(3) 95.00(9) O(3)b–Ni(2)–O(2) 89.82(8)
O(1)–Ni(1)–O(3) 172.05(9) O(3)b–Ni(2)–O(2) 90.18(8)
O(5)–Ni(1)–O(8) 170.65(8) O(7)–Ni(2)–O(2)b 91.88(9)
O(1)–Ni(1)–O(8) 88.91(10) O(7)b–Ni(2)–O(2)b 88.12(9)
O(3)–Ni(1)–O(8) 89.47(8) O(3)–Ni(2)–O(2)b 90.18(8)
O(5)–Ni(1)–O(8)a 95.73(8) O(3)b–Ni(2)–O(2)b 89.82(8)
O(1)–Ni(1)–O(8)a 93.19(9) O(2)–Ni(2)–O(2)b 180.0
O(3)–Ni(1)–O(8)a 93.94(8) O(6)–P(1)–O(5)c 113.30(13)
O(8)–Ni(1)–O(2)a 75.73(9) O(6)–P(1)–O(7)b 113.28(13)
O(5)–Ni(1)–O(7) 93.85(8) O(5)c–P(1)–O(7)b 112.93(13)
O(1)–Ni(1)–O(7) 93.36(9) O(6)–P(1)–O(4) 103.14(12)
O(3)–Ni(1)–O(7) 79.04(8) O(5)c–P(1)–O(4) 106.07(12)
O(8)–Ni(1)–O(7) 95.07(8) O(7)b–P(1)–O(4) 107.14(12)
O(7)b–Ni(2)–O(7) 180.00(7) O(2)d–P(2)–O(8)e 113.52(12)
O(7)b–Ni(2)–O(3)b 81.61(8) O(2)d–P(2)–O(3) 115.36(12)
O(7)–Ni(2)–O(3)b 98.41(8) O(8)e–P(2)–O(3)c 111.71(12)
O(7)b–Ni(2)–O(3) 98.41(8) O(2)d–P(2)–O(4) 105.17(12)
O(7)–Ni(2)–O(3) 81.59(8) O(8)e–P(2)–O(4) 105.58(12)
O(7)–Ni(2)–O(2) 91.88(9) O(3)–P(2)–O(4) 104.30(11)
O(3)b–Ni(2)–O(3) 180.00(12) H(3)–N(1)–H(4) 118(4)
a −x + 1/2,−y + 1/2,−z + 1; b −x + 1/2,−y − 1/2,−z +
1; c −x + 1/2, y − 1/2,−z + 3/2; d −x + 1/2, y + 1/2,−z +
3/2; e x,−y, z+ 1/2; f −x + 1, y,−z+ 3/2; g x + 1/2,−y − 1/2,
z + 1/2.
ing point is that 1 has a different layer stacking, giv
ing rise to other essential structural differences such
different space group and crystal lattice. Thus,1 pos-
sesses crystallographical a new structure type. In o
to illuminate distinctly the different layer-stacking b
tween 1 and PbNi3(P2O7)2, (NH4)2[Mn3(P2O7)2(H2O)2]
or K3Co3(P2O7)·H2O, we replace the layers by a simp
motif. Thus, as shown inFig. 4(a), we choose a trapez
ium by linking of four neighboring P atoms along th
NiO6 octahedral chains as the basic unit, and hence th
whole layer can be represented as a motif built from ed
sharing basic units. The corresponding structural sket
of K3Co3(P2O7)·H2O (having the same layer-stacking wi
PbNi(P2O7)2 and (NH4)2[Mn3(P2O7)2(H2O)2]) and 1 with
cations are shown inFig. 4(b) and 4(c), respectively. It can be
shown apparently that the layers are arranged in the “bbbb”
parallel in K3Co3(P2O7)·H2O (seeFig. 4(b)), while 1 has






















Fig. 1. Polyhedral view of Na(NH4)[Ni3(P2O7)2(H2O)2] along thec axis
showing the [Ni3P4O16]
2− layers with ammonium and sodium cations o
cupying the interlayer space (NiO6 octahedra, light-grey; PO4 tetrahedra,
dark-grey; Na cations,light-grey sphere; NH4
+ cations, dark sphere an
little light-grey sphere).
Fig. 2. Thermal ellipsoid plot (50% probability) and atomic labeling sche
for the [Ni3P4O16]
2− layers, showing the 3-coordinated oxygen atoms an
the P2O7 unit.
the symmetrical arrangement of layers in the form of “bdbd”
(seeFig. 4(c)). This layer-stacking changement in the str
ture may result from the effect of the mixed cations. W
mixed cations in a structure the individual cations can
cupy different spaces. This provides the compound m
choices such as changing the arrangement of layers to o
different spaces for cations with various sizes. As a res
1 adopts the symmetrical arrangement of layers in the f
of “bdbd” to create various spaces for large cations NH4+
and small cations Na+, respectively, which indicates that th
mixed cations play an important role on the structural f
mation of1, leading to a new layer stacking variants.
Ammonium and sodium cations occupy the interlam
lar spaces between the layers and satisfy the charge balancn
(a)
(b)
Fig. 3. (a) Polyhedral view of the one-dimensional “zigzag” chain along th
b axis (b). View of single [Ni3P4O16]
2− layer showing the NiO6 chains
connecting by the P2O7 units (NiO6 octahedra, light-grey; PO4 tetrahedra,
dark-grey).
Fig. 4. (a) The model of the layer with part of polyhedra (NiO6 octahedron,
grey; PO4 tetrahedron, dark). (b) The structural diagrammatic sketche
K3Co3(P2O7)·H2O with K+ cations (light-grey sphere). (c) The stru
tural diagrammatic sketches of Na(NH4)[Ni3(P2O7)2(H2O)2] with mixed
cations (Na+, light-grey sphere; NH4+, dark sphere with small light-gre
sphere).
Nitrogen atoms are hydrogen bonded to the terminal oxy
atom from P2O7 units via N–H. . .O (N(1)–H(4). . .O(6) =
1.81(8) Å), while the terminal oxygen of P2O7 group also
bonds with the oxygen atom in O(1)H2 group of the adjacen
layer via hydrogen bonds (O(6). . .H(2) = 1.93(2) Å). Fur-
thermore, O(1)H2 group interacts also with O(2) of the sam
layer via N–H. . .O (O(1)–H(1). . .O(2)= 1.89(2) Å). All of
e.hydrogen bonds constitute a hydrogen-bond-net surround-











































ch-Fig. 5. The hydrogen-bond-net surroundig and fixing the inorganic layer
to a whole open-framework (N, large grey spheres; H, little while sphe
the dot lines are hydrogen bonds).
ing and fixing the inorganic anions to an open-framewo
as shown inFig. 5.
3.2. Magnetic characterization
The magnetization was measured with a SQUID m
netometer (Quantum-Design, MPMS XL-7) in the temp
ature range 1.8–320 K. The temperature dependence of th
magnetic susceptibilityχ = M/H of compound1 was in-
vestigated in various magnetic fields. The susceptibility
H = 10 kOe (Fig. 6) obeys approximately a Curie-law ov
almost the whole temperature range. From a nonlinea
of a Curie–Weiss lawχ = C/(T − Θ) to the data in the
temperature range (20–320 K), a Weiss temperatureΘ =
−1.47(3) K (antiferromagnetic) can be obtained, demo
strating that magnetic interactions are weak. The effec
magnetic momentµeff per Ni obtained from this fit is 3.32
µB, a value well within the range reported for octahedra
coordinated Ni2+ ions (2.9–3.4µB) [32,33]. The g-factor
calculates to 2.348. A linear fit of 1/χ in the same tem
perature range yieldsµeff/Ni = 3.35µB andΘ = −0.12 K.
A weak cusp inχ(T ) for H = 100 Oe at 3.5(4) K and
a decrease ofχ below this temperature indicates an an
ferromagnetic ordering of the Ni moments (Fig. 6, inset).
Considering the structural features exhibited by this nic
diphosphate, the magnetic interactions between chain
comparatively weak since the NiO6 octahedra chains ar
separated from each other by P2O7 groups with a distanc
of 2.53 Å. Within a chain, the Ni. . .Ni distances are too
large to allow significant direct Ni–Ni magnetic exchan
(Ni(1). . .Ni(1) = 3.252 Å, Ni(1). . .Ni(2) = 3.121 Å). Thus,
another pathway implies the magnetic coupling throu
–Ni(2)O6–Ni(1)O6–Ni(1)O6– metallic chains in the [010
direction, which are formed by edge sharing between M6
octahedra. This exchange pathway would produce antife
magnetic coupling in the sub-network of transitional me
polyhedra, which is consistent with the antiferromagnetic
dering observed in the title compound at lower temperature.Fig. 6. The temperature dependence of the inverse magnetic suscep
of 1 with H = 10 kOe. The inset shows data forH = 100 Oe at low tem-
peratures.
4. Conclusion
A mixed cations layered nickel diphosphate, Na(NH4)-
[Ni3(P2O7)2(H2O)2], has been hydrothermally synthesiz
at 523 K in presence of imidazole. The crystal struct
is characterized by the polyhedral layers [Ni3P4O16]2−,
which are closely related to those found in (NH4)2[Mn3(P2-
O7)2(H2O)2] and K3Co3(P2O7)·H2O, and ammonium an
sodium cations occupying the interlayer spaces. Howe
1 has a different layer stacking compared to those laye
cobalt and manganese diphosphates, which results from
existence of mixed cations. Thus, it indicates that mi
cations have an important effect on the structural forma
for this layered compound, an aspect, which deserves a
tion in the synthesis of novel, layered compounds.
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